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1. 


Abstract 


Two  phase  locking  (2PL)  is  one  of  the  few  important  techniques 
used  for  database  concurrency  control.   It  has  the  feature  that  as 
soon  as  a  transaction  releases  a  lock,  it  never  obtains  additional 
locks.   The  two  phase  locking  protocol  guarantees  serializability 
of  transaction  executions,  hence  it  is  a  correct  synchronization 
technique.   One  of  the  most  common  variations  of  2PL  is  static 
locking  (SL)  where  a  transaction  is  allowed  to  act  on  the  data  only 
if  all  the  locks  it  needs  are  granted  to  it.   The  main  advantage  of 
SL  is  that  deadlocks  are  avoided. 

Although  some  investigators  provided  lately  quantitative 
analyses  os  the  performance  of  lockina,  most  of  the  analvses  use 
very  strong  assumptions  about  transaction  arrivals  and  transaction 
behavior,  in  order  to  overcome  the  difficulties  of  modelling 
transaction  interference.   In  some  cases,  the  analytic  results 
provide  little  intuition  about  the  degradation  of  performance  due 
to  locking. 

In  this  paper,  we  propose  a  new  implementation  of  2PL.   Our 
implementation  is  suited  for  a  distributed  database  system,  since 
there  is  no  need  of  a  central  scheduler  of  transaction  actions.   The 
main  innovation  of  the  technique  is  the  use  of  probabilistic  choice 
within  the  2PL  protocol,  to  achieve  fast  transaction  response  time. 
Our  proposed  implementation  is  similar  to  a  static  2PL  in  the 
sense  that  transactions  are  allowed  to  operate  on  the  data  only  when 
all  locks  are  obtained. 

Another  contribution  of  the  paper  is  that  we  aive  a  tractable 
analysis  for  the  mean  response  time  of  transactions  and  bounds  for 
the  distribution  of  the  response  time.   Our  analysis  does  not  need 
oversimplifying  assumptions  on  transaction  behavior  (e.g.  uniform 
data  reference  or  Poisson  arrivals) . 

We  apply  randomization  to  2PL  protocols  in  stages  of  increasing 
sophistication  (and  efficiency) ,  starting  from  a  straight-forward 
use  of  random  waits  and  advancing  to  a  technique  of  probabilistic 
bidding  for  locks  and  then  aiving  a  technique  which  combines  the 
above  uses  of  random  choice  in  order  to  favor  transactions  with 
readsets  of  small  cardinality.   VJe  show  our  biddina  technique  to 
be  optimal  for  distributed  SL  in  the  sense  of  matching  lower  bounds 
for  transaction  response  time.   We  brief Iv  m.ention  an  extension  of 
our  techniques  to  get  an  efficient  implementation  of  Moss's  2'pl 
protocol  for  nested  transactions. 
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1.   Introduction 

Synchronization  in  update  processing  is  necessary  to  maintain 
the  consistency  of  databases.   Two  phase  locking  (2PL)  and  time- 
stamp  ordering  (TO)  are  the  two  most  commom  methods  to  synchronize 
conflicting  transactions  (for  a  survey,  see  [BG,  80]).   2PL 
synchronizes  transaction  actions  (reads  and  writes)  by  explicitly 
detecting  and  preventing  conflicts.   The  essentials  of  2PL  can  be 
outlined  as  follows:  (a)  Before  reading  or  writina  on  a  data  item 
X,  a  transaction  must  own  a  lock  on  x.   (b)  Different  transactions 
cannot  simultaneouly  own  locks  that  conflict  (i.e.  are  both  on  the 
same  item)  and   (c)  Once  a  transaction  acts  on  a  data  item  and 
surrenders  the  lock  on  it,  it  may  not  obtain  additional  locks. 
2PL  produces  serializable  transaction  executions  (see  [BSW,  79], 
[P,  79]  ,  [P,  82] )  . 

Static  two  phase  locking  (SL)  is  a  variation  of  2PL  in  which 
a  transaction  can  be  executed  (i.e.  act  on  the  data)  only  if  all 
its  requested  locks  are  granted  (in  contrast,   dvnamic  locking  (DL) 
is  the  variation  of  2PL  in  which  locks  are  requested  in  a  distributed 
manner  over  the  lifetime  of  a  transaction,  and  the  transaction  is 
allowed  to  act  on  a  data  item  as  soon  as  it  obtains  the  lock  for  it) . 
The  main  advantage  of  SL  policies  is  that  deadlocks  are  avoided  and 
that,  from  the  point  of  view  of  the  analyst,  their  study  is  easier. 
However,  in  the  proposed  up  to  now  implementations  of  SL,  the  mean 
lifetimes  of  the  locks  are  longer  than  in  the  case  of  a  DL  method 
and  this  leads  to  the  conclusion  that  SL  ususally  has  worse 
transaction  response  times  than  DL.   On  the   other  hand,  strong 
transaction  interference  can  cause  a  high  deadlock  rate  in  a  DL 
method,  which  can  lead  to  a  high  transaction  restart  rate  and 
thrashing,  finally  making  the  DL  method  much  worse  than  an  SL 
implementation  under  the  same  load  conditions. 

The  implementation  of  2PL  in  distributed  systems  is  more 
challenging.   There,  the  database  consists  of  many  sites ,  each 
transaction  is  a  process  running  at  a  site  (called  transaction 
module  (TM) ,  and  communication  is  required  with  processes 
controlling  the  allocation  of  locks  (called  data  modules  (DM) , 
usually  one  such  process  per  site  or  granule  of  data.   It  is 
reasonable  to  require  that  all  data  modules  run  the  same  communication 
protocol  (symmetric  implementation)  and  that  the  same  holds  for  all 
transaction  modules.   To  just  highlight  one  of  the  difficulties 
of  distributed  DL  implementations,  we  mention  the  need  of  a 
distributed  deadlock  detection  mechanism  (or  a  distributed  deadlock 
prevention  mechanism) .   Also  distributed  SL  implementations  seem 
to  require  the  existence  of  a  distributed  lock  manacrer  which  handles 
blocked  transactions  and  avoids  deadlocks. 

In  this  paper  we  propose  a  new,  distributed  implementation  of 
2PL.   The  essential  technique  that  we  utilize  is  that  of  probabilistic 
choice  in  the  2PL  protocols. 
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That  is,  transaction  and  data  modules  are  equipped  with  statistically 
independent  random  number  generators.   During  the  course  of  a  2PL 
protocol,  some  of  the  decision  making  is  based  on  the  result  of  a 
random  choice.   This  leads  to  simple  algorithms  (due  to  the  locality 
of  the  decisions)  and  easier  and  shorter  analysis  of  the  2PL 
algorithms  (the  analysis  of  the  corresponding  deterministic  algorithm 
must  consider  complex  situations  which  have  very  low  probability 
if  probabilistic  choices  are  made) . 

This  is  the  first  time  in  which  randomization  is  used  for 
concurrency  control  in  databases.   Randomization  has  been  used 
extensively  in  number  theoretic  problems  [Be,  70],  [R,  74],  [SoS,  77], 
[AMM,  79],  [R,  80],  to  combinatorial  problems  on  graphs  and  matroids, 
[L,  80],  to  tesing  polynomial  identities  [Sc,  80],  and  testing 
program  equivalence  [IM,  80] . 

Recently,  [R,  80],  [LR,  80],  [FR,  80],  [RS,  81,  82A,  82B,  83] 
have  utilized  probabilistic  choice  in  synchronization  algorithms 
for  asynchronous  multiprocessing  systems.   The  use  of  probabilistic 
choice  in  synchronous  parallel  machines  was  first  proposed  in  [Re,  81]. 

Our  implementation  of  2PL  is  similar  to  a  static  implementation 
in  the  sense  that  transactions  are  allowed  to  operate  on  the  data 
only  when  all  locks  are  obtained.   However,  our  technique  is  very 
efficient  compared  to  previously  proposed  implementations  of  static 
and  dynamic  locking.   We  give  tight  upper  bounds  for  the  mean  response 
time  of  transactions  and  for  the  distribution  of  the  response  time, 
through  a  tractable  analysis.   The  formulas  quantify  the  performance 
of  transactions  using  (as  main  parameters)  the  cardinality  of 
transaction  readsets  (r)  and  the  maximum  demand  (d)  of  locks,  i.e. 
the  maximum  number  of  transactions  which  can  compete  for  a  particular 
lock  at  the  same  time  instance  t. 

Quantitative  analyses  of  variations  of  2PL  can  be  found  in 
[PL,  80],  [SS,  81],  [GST,  83],  [MN,  82].   All  these  analyses  use 
approximations   to  overcome  the  difficulties  of  modelling  transaction 
interference.   Most  of  them  require  modellina  of  the  pattern  of 
arrivals  of  transactions  (e.g.   Poisson  arrivals)  and  transaction 
behavior  (e.g.  uniform  data  access).   In  contrast,  our  analysis  needs 
only  an  estimation  of  d,  which  can  be  derived  from  very  weak  assump- 
tions about  transaction  arrivals  and  transaction  behavior. 

We  provide  here  three  algorithms  for  implementing  2PL  and  an 

additional  one  for  implementing  locking  for  nested  transactions. 

Our  first  algorithm  employs  random  waits  as  means  of  synchronizing 

the  allocation  of  locks  to  transactions.   The  mean  response  time 

of  a  transaction  of  readset  cardinalitv  r  and  maximum  demand   d 

r+2 
(for  the  locks  it  requests)  is  0(r«d    ).   This  response  time  is 

prohibiting  in  cases  of  database  systems  with  verv  small  Granularity 
of  locking  and  hence  very  large  cardinality  of  transaction  readsets. 
For  these  cases,  we  provide  a  second  algorithm  which  uses  probabilistic 
bidding  to  resolve  contention  of  transactions  for  locks.   This 
technique  leads  to  a  mean  response  time  of  0{r'd)  per  transaction 
which  (as  we  show)  is  optimal  for  SL,  in  the  sense  that  matching 
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lower  bounds  exist  for  any  SL  method.   We  also  provide  a  technique 
which  is  useful  for  systems  where  the  maiority  of  the  active 
transactions  have  readsets  of  small  cardinalitv.   This  algorithm 
combines  random  waits  and  probabilistic  bidding  and  has  the  property 
that  if  a  transaction  wants  to  get  r.  locks,  it  has  a  mean  response 

of  O(d'r-'log  r.*  log(d«r.)).   This  is  beneficial  to  transactions 

with  small  demands  which  compete  with  just  a  few  transactions  which 
access  big  portions  of  the  database.   Finally,  we  use  our  probab- 
ilistic bidding  method  to  sketch  a  fast  implementation  to  Moss's 
[M,  81]  algorithm  for  nested  transactions. 

2.   The  model 

We  assume  that  transaction  modules  and  data  modules  are  all 
equispeed  processes,  but  the  execution  of  their  programs  in  time  may 
have  been  shifted  (in  an  adverse  way)  relative  to  each  other.   V7e 
assume  that  all  transaction  modules  run  the  same  algorithm.   Such 
an  implementation  of  2PL  is  called  a  symmetric  distributed  implemen- 
tation.  Transaction  modules  and  data  modules  employ  2  ways  of 
communication:  (1)  A  queued  message  system  which  guarantees  that, 
at  any  time  t,  a  data  module  process  j  has  a  set   R.   available  to 

it  (of  size  <_   d)  containing  the  names  of  all  transaction  modules 
willing  to  get  a  lock  on  the  data  controlled  by  the  data  module. 
(2)  Special  variables,  called  flags ,  which  are  written  by  only  one 
process  and  can  be  read  by  at  most  one  other  process.   We  assume 
that  reading  or  writing  a  flag  takes  1  step.   Let  the  set  of 
transaction  modules  at  any  time  t  be  denoted  by  TR   and  the  set  of 
data  modules  by  D.   A  transaction  module  can  be  associated  to  more 
than  one  transactions.   This  is  done  as  follows:   Each  time  a 
transaction  is  submitted  (arrives)  to  a  site,  a  (new)  transaction 
module  process  is  associated  with  it.   Let 

TR  =   u   TR   be  all  (possible)  transaction  modules.   In  most  of  the 

systems,  |  TR  |  <  «>,  and  in  some  (rare)  cases  it  may  happen  that  a 
transaction  arrives  and  finds  no  available  transaction  module.   This 
additional  blocking  effect  (in  systems  of  finite  processing  capacity) 
will  be  analyzed  in  this  paper.   When  a  transaction  completes,  its 
associated  transaction  module  is  freed  and  can  later  be  associated  to 
another  transaction.   We  assume  that  each  lock  is  controlled  by  a 
separate  data  module  process.   Let  L  be  the  set  of  locks  in  the  system. 

Let  d  =  max   max | { j  ^ TR^ :  j  wants  lock  I] \  .      Note  that  d  (the  maximum 

demand)  could  be  bounded  even  if   TR    is  infinite.   We  finally  assume 

that  each  transaction  module  (and  each  data  module)  has  a  random  number 
generator  statistically  independent  of  the  random  number  generator  of 
other  processes  in  the  system. 
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3.  Probabilistic  2PL  implementations 

3.1.   Transaction  module  response  time. 

Fix  some  2PL  implementation,  for  the  distributed  system 
described  in  Section  2,   which  may  be  probabilistic.   For  each  r, 

let  the  r-lock  response  time  T     (where  B  specifies  a  fixed  adverse 

r ,  D 

relative  shift  in  time  of  the  executions  of  the  transactions  and 

data  modules  programs)  be  the  random  variable  qiving  the  length 

of  the  minimum  time  interval  A  required  for  any  transaction  module 

in   i € TR  to  have  r  locks  simultaneously  granted,  given  that  i 

requested  the  locks  during  the  entire  interval  A  .   Let 

T^  =  max  mean(T  ,B)   over  all  adverse  shifts   B.   Let  F_,   (x)  be  the 
r  r  B ,  r 

probability  distribution  function  of  T   _, ,  i.e.   F_,   (x)  =  Prob{T  r^  <  x} 

r,o  B,r  r'/B  — 

Given  any   Ge[o,l],  let  x^(e)  be  such  that  VB ,  F„   (x  (e))  >l-e. 

r  D ,  r   r     — 


3.2.   A  probabilistic  2PL  method  which  uses  random  waits. 

Each  data  module   i  eD  has,  for  each  transaction  module 

j  G  T  ns.,  a  special  binary  flag  F. .  whose  value  indicates  if  the 

lock  L(i)  is  allocated  to  j .   If  j  reads  F. .  and  finds  it  0,  then 

it  understands  that  it  lost  the  lock.   Module  i  has  also  another 

binary  flaa  W.  .  for  each  j  e  s.  (W.  .  is  called  a  warnincr  flag)  . 

Transaction  module  j  considers  the  lock  L(i)  being  awarded  to  it 
only  if  L(i)  has  both  been  allocated  (F. .  =  1)  and  not  yet  warned 
(L..  -    0).   Transaction  modules  repeatedly  execute  a  loop,  a  single 
execution  of  which  is  called  a  lock  requestive  round  (LRR) .   Data 
modules  execute  repeatedly  a  loop,  a  single  execution  of  which  is 
called  a  lock  managing  phase  (LMP) .   A  transaction  module  is  awarded 
some  locks  during  each  round.   However,  the  data  modules  take  the 
locks  back  after  fixed  time.   The  transaction  module  allows  its 
associated  transaction  to  operate  on  the  data  only  when  all  locks 
requested  in  a  round  are  awarded  within  that  same  round.   V?e  now 
give  the  LMP  and  LRR  algorithms.   They,  combined,  provide  a  2PL 
implementation.   In  the  following,  c  is  a  small  constant  whose 
exact  value  can  be  determined  by  counting  the  maximum  number  of 
steps  of  the  stages  [1]  and  [2]^ of  the  LMP. 
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The  LMP  for  data  module  i  e  D, 


Loop  for  ever 

Begin 

[1]  Probabilistically  select  each  of  the  requesting 

transaction  modules  i  e  S. 
-"     1 

[2]  Allocate  lock  L(i)  to  j  (i.e.  set  F. .  to  1) 
[3]  Wait  for  c  d  steps 

[4]  Indicate  to  j  that  he  shall  loose  the  lock 

after  (at  most)  2  cd  steps,  by  setting  W. .  to  1. 
Wait  for  2  cd  steps 

[5]  Set  F^.  to  0.   (j  looses  the  lock) 

Set  W^.  to  0  (erase  the  warninq) 

[6]  Wait  for  y  steps,  y  randomly  selected  (uniformly) 
in  the  set  {0,1,2,...  4  cd}  . 

End 

Note:   Stage  [1]  is  made  to  take  exactly  cd  steps.   The  LMP  takes 

a  random  number  of  steps  uniform  in   { 4  cd ,  4  cd  +  1 ,  .  .  .  ,  8  cd} 


The  LRR  for  transaction  module   j  e 


Loop  for  ever 
Begin 

[1]  For  each  lock  L(i)  requested  by  j,  notify 
i e  D  by  updating  S. 

[2]  Poll  for  c  d  steps  to  see  which  locks  have 
been  awarded  to  j . 

[3]  If  all  locks  requested  are  awarded,  execute 
the  transaction. 


Note:   We  assume  that  the  execution  of  a  transaction  (after  all 
locks  have  been  awarded)  takes  a  constant  number  of  steps 

U  .   Note  also  that  locks  which  are  allocated  and  warned, 
are  still  considered  to  belong  to  j. 

In  the  full  paper  we  show  that  the  probability,  that  a  TM  j 
will  get  all  its  locks  during  the  same  round,  is  between 

(gd^^   and   (^)^  .   This  leads  to 

Theorem  1.   Our  method  of  implementing  locking  by  using  random 
waits,  has  e-response   x  (e),  bounded  above  by 

0(rd^  ■'-log(i))  and  T  <_   5cdr(8d)^log  8  =  0(rd^^-'-) 
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(Proof  in  the  full  paper) . 

Note:   One  could  introduce  random  waits  in  the  LRR  instead.   The 
results  would  be  similar. 


3.3   A  probabilistic  2PL  algorithm  which  uses  probabilistic  bidding. 
3.3.1.  The  Algorithm 

(a)  The  LRR  for  transaction  module  j . 

An  LRR  starts  with  the  transaction  module  i  drawing  (with 
equal  probability)  a  random  number  in  the  set   {1,2,...,  2  dr }  . 
If  the  number  drawn  was  less  than  2dr ,  the  transaction  module 
remains  nonactive,  until  the  end  of  the  round.   (All  transaction 
module  rounds  take  a  predetermined  number  of  steps  each).   Else, 
the  transaction  module  j  immediately  notifies  (by  the  use  of  at 
most  r  parallel  synchronous  subprocesses)  all  the  data  modules  of 
the  locks  he  wants,  that  he  is  a  winner.   Then,  the  transaction 
modules  parallel  subprocesses  collect  answers  from  the  data  modules 
for  a  period  which  is  bounded  by  a  constant  number  of  steps.   During 
this  period  some  of  the  DMs  may  declare  that  thev  agree  to  be 
allocated  to  j.   However,  if  at  that  time,  any  other  DM  whose  lock 
was  requested  by  j  denies  the  lock,  then  j  does  not  act  on  the  data 
whose  locks  were  obtained,  but  he  continues  to  report  that  he  is  a 
winner  to  all  of  the  DMs  for  which  he  requests  locks,  and  repeats 
the  algorithm  (without  drawing  again)  until  the  round  ends.   If  all 
the  DMs  of  the  wanted  locks  agree  to  allocate  the  locks  at  the  same 
period  (in  which  the  TM  j  collects  answers)  then  the  TM  accepts  the 
agreements  and  then  executes  the  transaction  (for  y  steps)  and  then 
it  releases  the  locks.   The  lock  release  is  done  in  parallel,  by 
explicitly  notifying  the  DMs  about  the  release,  by  using  j's   r 
parallel  subprocesses.   Note  that  a  communication  with  all  the  r  DMs 
takes  1  step  (by  using  flags)  due  to  our  models  assumptions. 

(b)  The  LMP  for  DM  i 

The  phase  of  DM  i  starts  with  a  monitoring  period  of  a  constant 
number  of  steps,  during  which  at  most  d  parallel  synchronous  sub- 
processes  continuously  monitor  the  TMs  of  the  set  S. ,  looking  for 
winners.   Let  M.  be  the  set  of  winners  detected  during  the  monitoring 
period.   If  Im."""!  >1,  then  all  the  elements  of  M^  are  notified  in 
parallel  that  they  have  been  denied,  and  the  phase  ends.   However, 
if  M.  has  a  unique  winner,  then  the  DM  notifies  the  winner  that  it 
agrees  to  be  allocated.   If  the  winner  does  not  accept  the  aareement , 
then  the  phase  ends.   If  the  winner  accepts,  then  the  phase  enters 
an  allocation  period.    During  this  period,  the  parallel  subprocesses 
of  the  DM  deny  all  appearing  winners.   The  phase  now  ends  by  receipt 
of  the  notification  by  the  TM  that  the  locks  have  been  released. 
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3.3.2.   Properties  of  the  algorithm. 

The  proofs  of  the  following  properties  will  be  aiven  in  the 
full  paper: 

Property  1.   No  lock  can  be  allocated  to  more  than  one  TM  at  the 
same  time. 

Property  2.   If  a  particular  TM  i  is  a  winner  in  its  current 
round,  then  its  r  parallel  synchronous  subprocesses  will,  at 
least  once  in  i's  current  round,  report  at  the  same  time  that  i 
is  a  winner  when  all  requested  DMs  are  in  a  monitoring  period. 

Property  3.   Given  that  a  particular  TM  i  is  a  winner  in  its 
current  round,  the  probability  that  he  stays  a  unique  winner  for 
all  his  wanted  locks  during  the  whole  round,  is  lower  bounded  by 

■J-,    e  =  2.7  3....   Let  a  draw  by  a  TM  be  a  random  independent 

selection  of  one  of  the  numbers  {1,2,...,  2  dr}  . 

Property  4.   During  a  round  of  TM  i,  any  other  distinct  TM  i 
competing  for  at  least  one  lock  for  which  i  competes,  cannot  draw 
more  than  once. 

These  properties  can  prove 

Theorem  2 .   The  probability  that  a  TM  is  allocated  all  its  wanted 
locks  in  its  current  round  is  upper  bounded  by 

j^   and  lower  bounded  by  .     (e  =  2.7  3...) 

Theorem  3.   Our  bidding  2PL  has   x  (e)  <  A  dr  log  (— )  and  T  <  B  dr 
where  ^  ~  -        ^  ~ 

A  =  4[4  +    2\}    +    2]e   and   B  =  A  log(2e)  .    (e  =  2.73...) 

See  the  full  paper  for  proofs  of  Theorems  2,3. 

A  corollary  of  our  algorithms  properties  is  that  our  algorithm  does 
not  deadlock,  no  process  starves  (these  hold  with  probability  1) 
and  our  2PL  implementation  is  probabilistically  fair. 


■       -        ..1  ;S    £.    -:!£       • 
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3.4   A  2PL  implementation  combininq  random  waits  and 
probabilistic  biddina. 

We  provide  here  a  2PL  method  which  helps  transactions  with 
demands  much  less  than  r  to  finish  quickly  (althouah,  for  transactions 
with  high  demands,  the  method  proposed  here  is  not  as  efficient  as 
the  bidding  2PL) .   We  call  it  mixed  2PL. 

3.4.1   Description  of  the  method 

The  TMs'  rounds  are  the  same  as  in  3.3,  with  one  addition. 
Each  round  now  starts  with  the  TM  waitina  (nonactive)  for  a  randomly 
chosen  number  of  steps,  uniform  in  an  interval  upper  bounded  by  a 
suitable  constant  c, ,  chosen  in  such  a  way  that  c,  is  at  least  the 
maximum  possible  (in  steps)  duration  of  the  useful  part  of  the  round. 

The  DMs '  phases  are  each  split  into  a  seauence  of  log  r  intevals, 
For  each  m  =  0 , . . . , log  r,  in  each  interval   A  ,  only  the  TMs  j  for 

^     —^1  are  monitored.   Each  Dm  oroceeds  to  the  next 

interval   A   ,  only  if  all  TMs  which  demand  r.  locks,  r.  in 

[— — =-,  -^]  have  been  allocated  their  locks.   Within  each  interval,  the 

DMs  go  through  a  sequence  of  phases,  as  in  the  bidding  alaorithm. 

In  the  full  paper  we  prove: 

Theorem  4 .   Our  mixed  2PL  method  has  the  followina  property:   For 
TMs  i  with  readset  cardinalities  r .  in  , 

[^,  hm]  and  h^  =  2""^r,  their  x^  (e)  is  0(h^d  log  r  loa  (-^)  )  and 

the  mean  response  is   T    =  0(h  ^  log  r  Ioq (h  d) ) .   The  constants 

involved  as  twice  as  big  as  the  constants  in  Theorem  3. 


4.   An  il(dr)  lower  bound  for  the  distributed  2PL  problem. 

Theorem  5 .   For  d,r  >0,  there  is  a  distributed  database  in  which  at 
least  one  TM  has  to  have  a  response  time  of  at  least  dr-1  steps 
(independently  of  the  protocols  for  lock  request  and  acquisition) 

(Proof  sketch:  Consider  | TR  [  =  dr  and  |d|  =  r   and  each  TM 
requesting  more  than  half  of  the  database  .   Serial  processing  is 
the  only  way  possible) . 

Corollary.   Our  (bidding)  2PL  implementation  has  optimal  mean 
response  time  (within  a  constant) . 


.  ,r;aqt.   :^  '    nn. 


?odj7.    i    u    srrjneJ    ni    es    si 


5.   Global  analysis  of  our  2PL  implementations. 

Let  the  steady  state  average  rate  of  transaction  submissions 

be  A  (X  fixed)  and  let  the  database  apply  one  of  our  probabilistic 

protocols  of  mean  response  T{r,d)  (per  transaction  module)  for 

readset  cardinality  at  most  r  and  maximum  lock  demand  d.   In  a 

distributed  open  system  with  many  sites  and  transaction  submissions 

in  each  site  beina  independent  point  processes,  the  total  submission 

process  converges  to  Poisson  under  very  weak  conditions.   Our  system 

then  behaves  as  on  M|G|m  with  m  =  1tr|  and  is  stable  if 

A  <  m«T(r,d).   Since   VB,  F^   (x  (e))     >    l-e ,    we  aet  (bv  using  the 

ri ,  r   r      — 

geometric  nature  of  T(r,d)). 

Lemma  5.1.   The  variance  of  the  response  time  is  upper  bounded  bv 

2  2  2r 

48d  r   for  the  bidding  algorithm  and  bv  (8d)    for  the  algorithm 

of  Section  3.2. 

Corollary.   The  mean  number  of  waiting  (blocked)  transactions  is  N 

2 
with  N  =  A-T(r,d)  +  ^^'J^^j.'^^  ^^  and  N*  <  max(0,N-m) 

where  var (T)  is  as  in  Lemma  5.1  above. 

Proof.   By  the  Pollaczek-Khinchin  formula  (see  [K,  75]), 

By  using  Little's  formula,  one  then  can  calculate  the  mean  waiting 
time  per  transaction,  N  /A. 

6.   Controlling  the  maximum  lock  demand. 

Window  techniques  on  the  submission  rate  A  of  transactions 
can  be  used  to  restrict  the  maximum  number  M  of  active  transaction 
modules  that  the  system  can  afford  when  the  maximum  demand  per  lock 
is  d.   It  is  obvious  that  M-r  <_  d«|D|  must  hold  (M  =  max  |  T^  ]  ). 

The  estimation  of  the  window  size  depends  on  data  access  assumotions. 
E.g. 

Lemma  6.1.   When  uniform  data  access  is  assumed  (i.e.  each  transaction 
selects  its  locks  independently  at  random,  with  equal  probability) 
then  the  probability  that  there  is  one  lock  whose  demand  exceeds  d  is 
above  bounded  by      ^ 


Proof  sketch:   Use  Chernoff  bounds  (see  [C,  52])  in  the  experiment 
of  M«r  trials,  success  probability  1/ JD  |  ,  and  a  trivial  upper  bound 
to  the  probability  of  union  of  events. 
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7.   Extensions  to  current  work 

One  can  extend  our  bidding  2PL  method  to  implement  the  2PL 
protocol  for  a  nested  transaction  system  (see  [M,  81]).   For  each 
node  in  the  transaction  tree,  its  subtransactions  acquire  and 
release  locks  according  to  2PL,   Locks  released  by  subtransactions 
are  retained  by  their  parent.   They  can  be  acquired  by  other  sub- 
transactions  under  that  parent,  but  not  by  anv  other  transactions. 
After  the  parent  releases  any  lock,  none  of  its  descendants  can 
request  a  new  lock. 

The  TM  rounds  and  DM  phases  have  to  be  recursive  with  the 
bidding  technique  applied  in  each  level.   Bv  assuming  a  bound  on 
the  depth  of  the  nested  transactions,  we  can  provide  an  analysis 
of  the  response  time  for  this  extended  2PL  method,  (see  full  paper 
for  details. 
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